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0.0  EXECUTIVE  SUMMARY 


Finite  element  analyses  (FEA)  are  increasingly  being  used  to  predict 
the  mechanical  response  of  an  electronic  assembly  exposed  to  thermal  and 
vibrational  environments.  The  results  of  these  analyses  are  used  to  esti¬ 
mate  a  component's  life.  This  technique  provides  engineers  with  a  method 
of  assessing  the  reliability  of  emerging  technologies  associated  with 
electronic  systems.  This  particular  investigation  was  concerned  with  the 
reliability  of  surface  mounted  solder  interconnections  and  microwire 
board's  plated-thru-hole  (PTH)  connections  when  exposed  to  severe  thermal 
environments.  These  two  interconnections  were  analyzed  using  FEA  and  an 
estimate  of  the  number  of  cycles  to  failure  was  made. 

There  are  many  factors  that  must  be  considered  before  performing  a 
finite  element  analysis.  Are  the  materials  relatively  well  known  and  the 
proper  material  properties  available  for  this  analysis?  Are  the  boundary 
conditions,  input  conditions  and  environment  of  the  system  known?  How 
complex  is  the  geometry  to  be  modeled?  Can  any  assumptions  be  made  to 
simplify  the  model?  It  is  important  that  the  engineer  performing  the 
analysis  be  aware  of  the  information  available  in  order  to  decide  whether 
an  analysis  is  feasible  and  if  so,  what  the  best  approach  to  performing  the 
study  would  be. 

When  modeling  a  new,  complex  system,  preliminary  modeling  becomes 
Important.  Investing  this  initial  effort  reduces  the  overall  analysis 
time  and  cost,  and  increases  the  results’  accuracy.  Examples  of 
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preliminary  modeling  which  were  performed  in  this  investigation  are  docu¬ 
mented  in  the  body  of  this  report. 

The  results  of  the  FEA  were  plotted  on  either  the  Coffin-Manson  curve 
for  copper  or  for  solder,  depending  on  the  material  being  analyzed.  The 
Coffin-Manson  curve  relates  the  material's  strain  to  the  number  of  cycles 
to  failure.  This  cycles  to  failure  value  gives  an  estimation  of  the  life 
of  these  connections.  This  method  of  transferring  FEA  results  to  an 
estimated  life  allows  the  design  and  reliability  engineer  to  locate  areas 
of  reliability  concern  and  make  the  corresponding  corrections  early  in  the 
program.  This  reduces  the  overall  cost  of  the  program  and  allows  the 
reliability  of  the  system  to  be  built  in.  This  technique  is  especially 
important  for  military  systems  incorporating  new  technologies. 


2 


1.0  INTRODUCTION 


RADC  has  used  finite  element  analysis  (FEA)  as  a  way  to  assess  the 
reliability  of  emerging  technologies.  In  the  past,  the  resulting  stress 
values  were  taken  from  the  FEA  results  and  compared  with  the  strength  of 
the  corresponding  materials.  It  was  soon  realized,  however,  that  a  tech¬ 
nique  was  needed  to  transfer  the  numerical  results  from  the  FEA  to  a 
measure  of  useful  life  for  the  system  being  analyzed.  This  report  docu¬ 
ments  a  reliability  assessment  of  the  areas  of  reliability  concern  in 
electronic  assemblies  through  the  use  of  FEA  and  a  transfer  of  FEA  results 
to  an  estimation  of  the  useful  life  for  the  areas  of  concern. 

Two  areas  of  reliability  concern  were  identified  for  the  electronic 
assembly  analyzed.  The  first  area  was  the  solder  connection  between  a 
surface  mounted  device  and  its  connecting  board.  Current  use  of  these 
devices  has  shown  that  these  connections  tend  to  fail  soon  after  the  system 
has  been  installed.  Three  different  lead  designs  were  evaluated,  the  S- 
lead,  leadless,  and  gull-wing  designs.  The  second  area  of  concern  was  the 
Interface  connection  between  the  raicrowire  and  the  PTH.  Microwire  layer¬ 
ing  is  a  new  technology  that  Is  being  used  to  replace  conventional  signal 
layers  in  a  surface  mounted  board.  The  connection  with  the  PTH  is  critical 
to  the  use  of  microwire  technology. 

Once  the  areas  of  reliability  concern  are  identified,  the  evaluation 
engineer  determines  the  best  way  to  develop  the  finite  element  model.  A 
geometric  model  representing  the  physical  system  is  generated  and  a  data 
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fJle  which  describes  the  materials  used,  the  boundary  conditions,  and  the 
_*put  conditions  is  created.  This  data  file  is  read  by  the  finite  element 
simulation  code  and  a  thermal  analysis  performed.  From  this  analysis,  the 
strain  range  for  the  material  of  concern  is  obtained.  Once  the  strain 
range  in  a  monotonic  thermal  cycle  is  known,  theoretical  relations  are  used 
to  estimate  the  number  of  thermal  cycles  this  material  would  survive  before 
failure. 
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2.0  RELIABILITY  CONCERNS  IN  ELECTRONIC  ASSEMBLIES 


As  technology  has  advanced  and  electronic  assemblies  become  more  com¬ 
plex,  there  is  an  increasing  concern  pertaining  to  the  reliability  of  these 
systems.  A  highly  specialized  system  that  cannot  perform  its  function  is 
useless  to  the  overall  system.  This  is  very  critical  when  the  system  is  a 
military  aircraft  or  spacecraft.  However,  in  order  to  implement  many  of 
the  emerging  technologies,  unique  packaging  designs  must  be  developed.  If 
these  unique  designs  are  analyzed  in  the  initial  phase  of  a  program, 
considerable  time  and  money  are  saved. 

The  military  was  concerned  with  the  reliability  of  surface  mounted 
multilayer  assemblies  investigated  in  this  study.  These  boards  are  using 

new  mounting  techniques  and  large  packaging  densities  which  have  led  to 
problems  in  the  reliability  of  the  interconnects.  In  particular,  the 

failure  of  the  leads  of  the  surface  mounted  components  is  currently  a 
driving  failure  mechanism  in  the  reliability  of  these  boards.  Figure  1 
shows  typical  surface  mounted  packages  for  four  different  lead  designs. 
Factors  which  have  been  shown  to  effect  the  solder  connection  failure 
include  the  lead  design,  package  size,  board  material  and  heat  removal. 

In  order  to  minimize  the  solder  connection  failure  mode,  board  mate¬ 
rials  which  reduce  the  board's  horizontal  expansion  were  used.  This  reduc¬ 
tion  has  caused  an  increase  in  the  board's  vertical  expansion  which  has  led 
to  an  increase  in  PTH  connection  failures.  This  assembly  used  microwire 
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Figure  1:  Four  Surface  Mounted  Package  Designs 


boards  which  have  a  reduced  vertical  height  of  the  board  and  thus  a  reduc¬ 
tion  in  the  overall  vertical  expansion  of  the  board.  There  is  a  relia¬ 
bility  concern,  however,  with  the  expansion  that  occurs  at  the 
raicrowire/PTH  coi  ection  interface. 

Microwires  are  insulated  copper  wires  which  are  ultrasonically  bonded 
to  a  dimensionally  stable  core  (Figure  2).  These  wires  are  then  encap¬ 
sulated  in  a  resin  to  form  the  microwire  boards.  PTHs,  known  as  vias,  are 
then  laser  drilled  and  the  insulating  material  and  encapsulating  resin 
surrounding  the  copper  wire  is  evaporated  (Figure  3).  The  hole  is  then 
plated  with  copper  and  the  interconnect  between  the  PTH  and  the  microwire 
is  formed  (Figure  4).  This  interconnect  region  is  the  second  area  of 
reliability  concern. 


Figure  2:  Microwire  Construction 


Before  these  interconnect  problems  became  so  prevalent,  the  Air  Force 
assumed  that  adequate  heat  transfer  and  low  package  thermal  resistance 
values  guaranteed  reliable  assemblies.  Studies  at  RADC,  other  DoD  organi¬ 
zations  and  contractors  have  shown  that  this  is  not  sufficient  criteria  for 
surface  mounted  assemblies  due  to  the  interconnect  failure  mode.  The 
overriding  problem  with  the  reliability  of  interconnects  is  cyclic 
fatigue;  that  is,  as  these  devices  and  connecting  boards  expand  and  con¬ 
tract,  the  interconnects  between  them  are  forced  to  expand  and  contract  as 
well.  Since  these  interconnects  have  become  extremely  small  in  size,  it 
does  not  take  very  much  expansion  to  cause  a  significant  amount  of  strain 
to  occur.  Once  the  device  and  board  return  to  the  original  state,  so  does 
the  interconnect.  A  problem  occurs  because  the  materials  used  in  these 
interconnects,  solder  and  copper,  tend  to  fail  rapidly  even  when  exposed  to 
small  amounts  of  cyclic  strains. 
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3.0  STUDY  METHOD 


FEA  i.3  the  technique  currently  used  at  RADC  to  evaluate  the  relia¬ 
bility  of  new  microcircuit  packaging  designs.  Over  the  past  five  years, 
RADC  has  used  FEA  to  perform  reliability  evaluations  on  VHSIC,  gallium 
arsenide,  wafer  scale  integration,  and  surface  mounted  devices.  The  find¬ 
ings  in  these  evaluations  have  had  excellent  correlation  with  the  results 
from  laboratory  testing  and  field  demonstration.  Furthermore,  FEA  is 
increasingly  being  used  in  industry  and  other  DoD  organizations  to  design 
and  evaluate  microcircuit  packages. 

The  FEA  code  that  is  used  at  RADC  is  Numerically  Integrated  Elements 
for  System  Analysis  (NISA).  NISA  was  developed  by  Engineering  Mechanics 
Research  Corporation,  Troy  MI.  This  program  is  used  to  perform  a  wide 
range  of  analyses  including  static  stress,  dynamic,  buckling  and  heat 
transfer.  In  this  study,  NISA's  static  stress  module  was  utilized  to 
simulate  the  response  of  the  surface  mounted  boards  to  varying  temperature 
conditions . 

In  order  to  predict  the  physical  response  of  the  surface  mounted 
microwire  boards,  finite  element  models  (FEMs)  were  generated  and  a  tem¬ 
perature  change  was  simulated.  FEMs  are  geometrical  models  which  repre¬ 
sent  the  actual  physical  system.  The  FEM  is  defined  by  two  physical 
parameters,  nodes  and  elements. 
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A  node  is  a  grid  point  located  in  space.  In  this  study,  the  models 
were  created  in  three  dimensions  and,  therefore,  each  node  was  defined  by 
three  coordinates,  (x,  y,  z) .  The  second  parameter,  the  element,  is 
defined  by  a  material  index  number  and  a  set  of  nodes.  Each  index  number 
has  specific  material  properties  associated  with  it.  The  properties  can  be 
defined  to  be  constant  or  to  vary  with  temperature.  Two  of  the  materials 
used  in  this  analysis  had  temperature-dependent  properties  and  an  equation 
relating  the  material  property  versus  a  temperature  change  was  assigned  to 
the  material  index  number  corresponding  to  those  materials.  The  elements 
used  in  this  study  were  three-dimensional  (3-D),  six-sided,  solid  ele¬ 
ments.  Two  types  of  3-D  elements  were  utilized  (Figure  5).  The  first  type 
was  identified  by  eight  corner  nodes.  These  elements  are  usually  rectan¬ 
gular  in  shape,  but  do  not  have  to  be.  This  type  of  element  uses  linear 
equations  to  define  the  lines  connecting  the  nodes.  The  second  type  of 
element  is  defined  by  eight  corner  nodes  and  twelve  midside  nodes.  This 
type  uses  parabolic  equations  to  define  the  lines  connecting  the  nodes. 
This  allows  curved  surfaces  to  be  accurately  modeled.  Using  20  noded 
elements  significantly  increases  the  complexity  of  the  model  and  the  simu¬ 
lation. 


Figure  6:  Typical  One-Quarter  Geometry 

It  is  important  when  designing  a  FEM  to  keep  its  complexity  to  a 
minimum.  One  common  way  of  reducing  the  model's  complexity  is  to  take 
advantage  of  the  physical  device's  symmetrical  geometry  and  boundary  con¬ 
ditions.  The  FEMs  developed  in  this  study  represent  one  quarter  of  the 
actual  assembly.  The  boundaries  at  these  symmetrical  "cut"  surfaces  had  to 
be  constrained  in  the  direction  perpendicular  to  these  surfaces.  This 
prevented  movement  into  the  missing  quarters.  An  example  of  a  one-quarter 
geometry  is  displayed  in  Figure  6. 
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When  choosing  the  temperature  cycling  range,  many  factors  were  con¬ 
sidered.  The  most  important  was  the  environment  that  the  microwire  assem¬ 
blies  were  experiencing  in  the  field.  The  second  was  the  temperature  at 
which  the  assemblies  are  manufactured.  This  value  was  considered  the 
stress  free  temperature  of  the  assembly.  All  of  the  models  were  cycled 
twice,  once  from  the  stress  free  temperature  to  the  maximum  temperature 
(high  temperature  cycle)  and  once  from  the  stress  free  temperature  to  the 
minimum  temperature  (low  temperature  cycle).  The  output  strain  from  each 
of  these  analyses  were  added  together  to  obtain  the  material's  total 
strain. 

When  calculating  the  total  strain  in  an  analysis,  the  following  pro¬ 
cedure  is  used.  First,  the  maximum  Von-Mises  stress  in  the  ductile  mate¬ 
rial  (copper  or  solder)  is  tabulated.  The  Von-Mises  stress  value  is  a 
combined  stress  value  used  when  predicting  failure.  If  this  stress  is 
greater  than  the  yield  stress,  then  the  elastic  strain  and  the  plastic 
strain  must  both  be  calculated.  A  typical  stress/strain  curve  for  a 
ductile  material  is  shown  in  Figure  7.  The  strain  in  the  elastic  region  is 
the  elastic  stress  divided  by  the  modulus  of  elasticity.  The  strain  in  the 
plastic  region  is  then  estimated  using  two  different  approaches.  One 
approach  underestimates  the  plastic  strain,  the  other  approach  overesti¬ 
mates  the  strain  and  the  actual  strain  is  assumed  to  be  In  between  these 
two  values.  Figure  8  shows  how  the  first  approach  estimates  the  plastic 
strain  by  extending  the  straight  stress/strain  line  from  the  elastic 
region  into  the  plastic  region.  The  second  approach  takes  twice  the 
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STRESS 


plastic  strain  that  is  estimated  in  the  first  approach  and  adds  this  to  the 
elastic  strain,  thus  giving  the  lower  bound  of  the  region. 


Figure  7:  Stress-Strain  Curve  For  A  Ductile  Material 
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The  total  strain  is  calculated  by  adding  the  elastic  and  plastic 
strains  for  the  two  temperature  cycles.  This  total  strain  value  is  trans¬ 
ferred  into  a  number  of  cycles  to  failure  value  using  the  Coffin-Manson 
Curve  for  the  specific  material.  This  curve  is  generated  from  the  Coffin- 
Manson  model  displayed  in  Figure  9.  In  order  to  use  this  formula,  the 


coefficients  associated  with  the  material  of  interest  must  be  known.  The 


A  € 
2 


,  (2Nf)b  +  6f  (2Nf)( 


ELASTIC 

STRAIN 


PLASTIC 

STRAIN 


PARAMETER 


COPPER 

50,050  psi 
.3 

16x10*  psi 
-.05 


SOLDER 

7,350  psi 
.325 

1.09x10*  psi 
-.05 


:  FATIGUE  STRENGTH  COEFFICIENT 
:  FATIGUE  DUCTILITY  COEFFICIENT 
:  MODULUS  OF  ELASTICITY 
:  FATIGUE  STRENGTH  EXPONENT 
:  FATIGUE  DUCTILITY  EXPONENT 


Figure  9:  Coffin-Manson  Model 
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values  for  the  copper  and  solder  are  listed  in  Figure  9.  These  values  were 
inserted  into  the  model  and  the  corresponding  curves  were  generated, 
Figures  10  and  11.  Each  figure  has  two  lines  and  one  curve.  The  lines 
represent  the  elastic  strain  component  and  the  plastic  strain  component 
and  the  curve  represents  the  combined  strain.  In  order  to  determine  the 
number  of  cycles  to  failure  for  a  given  strain,  the  total  strain  value  for 
this  copper  or  solder  is  plotted  onto  the  corresponding  curve  and  the 
number  of  cycles  to  failure  value  is  extrapolated. 
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Figure  11:  Coffin-Manson  Curve  for  Solder 


4.0  FINITE  ELEMENT  MODELING 


When  the  engineer  performing  the  FEA  has  an  extensive  knowledge  in  the 
area  being  analyzed,  assumptions  about  the  geometry,  materials,  and  bound¬ 
ary  and  input  conditions  can  be  made.  This  is  not  always  the  case.  An 
engineer  may  be  given  the  basic  information  and  asked  to  investigate  the 
reliability  of  the  system.  Engineering  judgment  can  be  used  to  form  some 
assumptions  and  other  assumptions  can  be  made  as  a  result  of  preliminary 
modeling.  Preliminary  modeling  is  very  important  because  incorrect 
assumptions  can  have  a  significant  effect  on  the  results  of  the  analysis. 
These  models  are  simple  and  are  analyzed  in  a  short  time  period  compared  to 
the  overall  time  of  the  analysis.  If  the  preliminary  models  result  in 
assumptions  that  simplify  the  model,  the  time  spent  performing  the  anal¬ 
ysis  is  reduced.  Since  most  systems  are  too  complex  to  be  modeled  in  exact 
detail,  assumptions  have  to  be  made  so  that  the  analysis  can  be  performed 
in  a  timely  manner. 

Another  reason  preliminary  modeling  is  useful  is  in  reducing  the 
chances  of  round-off  error  when  modeling  complex  geometries.  Round-off 
errors  can  result  from  several  different  factors  including  elements  that 
are  too  large,  are  improperly  formed,  and  have  unusual  geometries.  Simple 
models  representing  the  general  shape  of  the  complex  geometry  can  indicate 
to  the  engineer  whether  the  model’s  basic  design  will  have  problems  before 
the  more  complex  model  is  developed.  The  finite  element  model  of  the 
microwire  and  PTH  connection  interface  is  an  example  of  this. 
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4.1  MODELING  OF  COMPLIANT  CONNECTIONS 


V 


Three  different  compliant  connections  were  modeled  using  the  same 
general  procedure.  A  model  representing  the  package,  board,  and  connection 
system  was  modeled.  This  is  referred  to  as  the  system  model.  The  deflec¬ 
tions  resulting  from  a  thermal  analysis  of  this  model  were  then  inputted 
into  a  model  representing  the  compliant  connection.  Because  the  system  has 
symmetrical  geometries  and  boundary  conditions,  only  one  quarter  of  the 
system  was  modeled.  The  compliant  connection  did  not  have  symmetrical 
boundary  conditions,  therefore,  the  entire  connection  was  modeled. 

During  the  generation  of  the  system  model,  it  became  apparent  that  the 
model  had  too  many  elements  for  RADC's  computer  capabilities.  To  reduce 
the  large  number  of  elements,  the  eA  z'  layers  of  microwire  board  were 
represented  by  a  separate  model  and  the  resulting  deflections  inputted 
into  the  system  mod<^l.  Only  the  top  layer  of  the  microwire  board  was 
represented  in  the  system  model.  Once  both  analyses  were  simulated,  a 
comparison  was  made  between  the  deflections  along  the  top  surface  of  the 
board  for  the  board-alone  model  and  for  the  system  model.  The  results 
showed  that  the  differences  in  the  deflections  were  negligible  and,  there¬ 
fore,  this  procedure  was  accurate. 

4.1.1  SYSTEM  MODELS 


When  generating  a  system  finite  element  model,  the  following  proce¬ 
dure  was  used.  The  figures  given  will  represent  the  generation  of  the  S- 
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lead  system  model.  The  S-lead  package  was  a  .45  x  .55  inch  package  with  32 
leads.  First,  a  two-dimensional  drawing  representing  a  segment  of  the 
package  and  board  and  the  S-lead  was  generated  (Figure  12a).  This  model 
was  then  extended  in  the  third  dimension  (Figure  12b).  Now  a  second  two- 
dimensional  set  of  elements  was  created  in  a  direction  perpendicular  to  the 
first  set.  This  set  represented  the  same  configuration  as  the  first  set 
and  the  nodes  along  the  left  side  were  taken  from  the  original  set  of 
elements  (figure  12c).  This  second  set  of  elements  was  then  extended  in 
the  third  dimension  in  the  direction  opposite  to  the  first  set  of  elements 
(Figure  12d).  Now  two  sets  of  three-dimensional  elements  existed.  These 
sets  of  elements  were  defined  with  different  orientations  and,  therefore, 
the  second  set  of  elements  was  redefined  to  conform  with  the  first  set  of 
elements. 
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The  remaining  package  and  board  elements  were  generated  (Figure  13) » 
thus  completing  the  superelement  model.  Because  there  was  a  small  number 
of  leads,  the  overall  model  was  meshed  so  that  the  node  points  corresponded 
to  the  location  of  the  leads.  The  elements  representing  the  air  spaces  in 
between  the  leads  were  then  deleted.  The  final  finite  element  model  is 
shown  in  Figure  14.  The  proper  boundary  conditions  and  temperature  condi¬ 
tions  were  inputted  into  the  data  file  and  the  analysis  executed. 


Figure  13:  S-Lead  System  Superelement  Model 


Figure  14:  S-Lead  System  FEM 
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Since  the  leadless  chip  carrier  (LCC)  was  also  a  .45  *  *55  inch 
package  with  32  connections,  the  same  procedure  was  used  to  generate  the 
system  model  for  the  LCC  as  shown  in  Figures  15,  16,  and  17.  The  gull-wing 
package  was  a  .94  x  .94  inch  package  with  172  leads.  The  superelement 
model  was  generated  using  the  same  procedure  as  used  for  the  S-lead  system. 


(a)  2-D  FEM 


(b)  3-D  FEM 


(c)  Additional  2-D  FEU 


(d)  Additional  3-D  FEM 


Figure  15:  Leadless  System  FEM  Generation 


Figure  16:  Leadless  System  Superelement  Model 


Figure  17:  Leadless  System  FEM 


Due  to  the  large  package  size  and  the  large  number  of  leads,  the  model 
could  not  be  meshed  so  that  the  node  points  would  correspond  to  the  loca¬ 
tion  of  the  leads.  Therefore,  the  final  model  had  approximately  the  same 
meshing  configuration  as  the  other  models  and  the  material  properties  of 
the  solder  and  air  materials  were  combined  to  give  a  set  of  equivalent 
properties.  The  gull-wing  system  model  is  represented  in  Figures  18,  19, 
and  20. 


(a)  2-D  FEM 


(b)  3-D  FEM 


(c)  Additional  2-D  FEM 


(d)  Additional  3-D  FEM 


Figure  18:  Gull-Wing  System  FEM  Generation 


Figure  20:  Gull-Wing  System  FEM 


4.1.2 


BOARD  MODEL 


A  model  representing  the  eight  board  layers  was  generated  (Figure 
21).  This  model  contained  node  points  on  its  horizontal  axis  which  corres¬ 
ponded  to  the  locations  on  the  board  where  the  leads  connected  to  the 
board.  The  dimensions  of  this  model  were  the  same  as  the  largest  package, 
the  gull-wing  package.  A  thermal  analysis  of  the  board  model  was  simulated 
and  the  results  were  inputted  into  the  system  models. 


Figure  21:  Microwire  Board  FEM 
4.1.3  COMPLIANT  CONNECTION  MODELS 


RX-  20 
RY=  -30 
R2=  0 


FEMs  were  generated  for  the  S-lead,  leadless  solder  joint  and  gull¬ 
wing  lead.  The  leaded  models  contained  the  lead  and  solder  elements  and 
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the  solder  joint  model  contained  only  solder  elements.  Each  model  has  a 
region  representing  the  lead's  contact  with  the  edge  of  the  package  and  a 
region  representing  the  lead's  contact  with  the  top  surface  of  the  board. 
Deflections  from  the  system  models  were  inputted  along  these  regions  and  a 
static  analysis  simulated.  The  resulting  stress  values  in  the  solder  were 
then  used  to  estimate  the  lead's  useful  life. 

The  generation  of  the  S-lead  model  was  straightforward.  The  entire 
model  was  completed  in  a  day.  First,  a  two-dimensional  (2-D)  model  of  the 
lead  and  the  attached  solder  was  created.  Eight  noded  2-D  elements  were 
used  in  order  to  obtain  the  circular  geometry,  Figure  22a.  This  model  was 
then  extended  into  the  third  dimension  and  20  noded,  3-D  elements  were 
generated,  Figure  22b.  This  model  was  then  meshed  and  the  final  model  is 
displayed  in  Figure  23. 


(a)  2-D  FEM 


3-D  FEM 


Figure  22:  S-Lead  Superelement  Model 


The  generation  of  the  leadless  solder  joint  was  a  more  complex 
process.  This  model  took  approximately  two  weeks  to  complete.  Drawings 
representing  the  x-y,  x-z  and  y-z  planes  were  used  as  guices  in  the  genera¬ 
tion  process,  Figures  24,  25,  and  26.  This  model  represents  a  joint  used 
on  a  package  with  50  mil  spacing  between  joints.  The  package  has  oastilla- 
tions  and,  therefore,  the  solder  curves  into  the  package.  The  segment 
representing  the  solder  base  was  simple  to  generate  since  the  x-z  plane  is 
uniform  in  the  y-direction.  The  fillet  element,  however,  had  to  be 
inputted  individually  since  these  elements  vary  in  all  three  dimensions. 
The  base  elements  were  meshed  and  then  the  fillet  nodes  and  elements  were 
defined.  The  resulting  model  is  shown  in  Figure  27. 
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Figure  25:  Solder  Joint:  X-Z  Plane 
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The  gull- wing  model  was  also  simple  to  generate.  A  2-D  model  was 
created  using  eight  noded  elements  representing  the  solder,  lead  and  braz¬ 
ing  materials,  Figure  28a.  This  model  was  then  extended  into  the  third 
dimension  and  20  noded  elements  were  generated.  This  model  was  then 
meshed,  Figure  28b.  A  segment  of  the  lead  had  to  be  extended  in  the  z- 
direction  before  the  final  model  was  completed,  Figure  29. 


Figure  28:  Gull-Wing  Superelement  Model 


Figure  29:  Gull-Wing  FEM 


4.2  MODELING  OF  COMPLEX  CIRCULAR  GEOMETRIES 


When  generating  a  FEM,  the  analysis  will  create  a  superelement  model 
outlining  the  general  shape  of  the  system.  Normally  the  different  elements 
in  the  system  will  be  of  the  same  shape,  i.e.  circular,  rectangular, 
triangular,  etc.  In  the  system  that  was  analyzed,  however,  there  were  not 
only  circular  geometries  embedded  within  rectangular  geometries,  but  also 
circular  geometries  intersecting  with  other  circular  geometries.  Instead 
of  attempting  to  use  a  combination  of  rectangular  and  circular  elements , 
only  quadralateral  elements  were  used.  Because  these  elements  have  corner 
and  midside  nodes,  rectangular  and  circular  geometries  can  be  defined. 

It  was  obvious  that  the  creation  of  this  model  would  be  complex  and 
take  a  considerable  amount  of  time.  Therefore,  preliminary  models  were 
created  in  order  to  check  for  round-off  error  problems  in  the  approach 
used.  The  first  model  created  was  a  wire  within  a  block  (Figure  30).  An 
analysis  was  simulated  and  no  problems  occurred.  This  model  was  then 
meshed  in  all  three  directions  and  elements  were  removed  from  the  center 
area  (Figure  31).  Once  again,  the  simulation  indicated  no  problems  with 
this  basic  design.  From  this  model,  it  was  obvious  that  only  one  quarter 
of  the  system  would  need  to  be  modeled  for  the  ideal  case  where  the  wire 
passed  directly  through  the  center  of  the  hole.  Generation  of  the  actual 
model  now  begins. 
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Using  the  proper  dimensions  for  the  system,  another  2- D  superelement 
model  using  eight  noded  elements  was  created  (Figure  32a).  This  model  was 
meshed  and  a  finer  model  generated  (Figure  32b).  This  finer  model  was  then 
extended  back  into  the  third  dimension  and  20  noded  elements  were  gener¬ 
ated.  This  model  was  then  meshed  (Figure  32c)  and  the  materials  were 
properly  identified  for  all  the  elements.  Two  sections  had  to  be  removed. 
The  first  represented  the  air  elements  surrounding  the  top  of  the  plating 
and  the  second  represented  the  air  elements  within  the  PTH  (Figure  32d). 
Figure  32e  displays  an  enlarged  view  of  the  cavity  section.  The  nodes 
along  the  cavity  surface  were  reshaped  into  a  circular  hole  (Figure  33). 
Since  this  surface  contained  corner  and  midside  nodes,  it  was  necessary  to 
change  the  location  of  both  sets  of  nodes.  When  reshaping  a  surface  such 
as  this  one,  it  is  important  to  be  sure  that  new  surfaces  do  not  overlap 
any  existing  surfaces. 

When  the  analysis  of  this  was  simulated,  some  round-off  errors 
occurred.  This  was  due  to  Improper  meshing  by  the  preprocessor  program  and 
was  easily  corrected  by  altering  the  location  of  specific  nodes.  The 
corrected  analysis  showed  that  the  restraining  core  elements  restrained 
the  board  so  well  that  zero  deflection  could  be  considered  along  the  top  of 
this  surface.  The  restraining  core  and  the  elements  below  it  were  elimi¬ 
nated  and  the  board  material  was  expanded  in  both  horizontal  directions. 
Once  these  elements  were  expanded,  the  location  of  the  midside  nodes  had  to 
be  altered  to  correspond  to  the  new  dimensions.  Figure  34  shows  the  FEM 
for  the  20  mil  via,  PTH.  This  model  was  modified  to  represent  a  10  mil  via, 
PTH.  The  10  mil  via  FEM  is  displayed  in  Figure  35.  The  second  model  was 
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a) 

b) 

c) 

d) 

e) 


2-D  Superelenent  Model 
2-D  Finite  Element  Model 
Extended  3-D.  Model 
Finite  Element  Model  with  Cavity 
Enlarged  View  of  Cavity 


Figure  32:  Microwire/PTH  FEM  Generation 


Fi'-mrp  34:  Modified  Microwire/PTH  FEM  (20  Mil  Via) 


analyzed  and  the  results  were  used  to  estimate  a  useful  life  of  the  micro- 
wire  interface  connection. 


4.3  LESSONS  LEARNED 


After  completing  a  FEA,  it  is  important  to  check  the  results  to  see  if 
any  other  simplifications  are  possible.  This  information  can  then  be 
utilized  in  the  future  generation  of  FEM.  Two  observations  were  made  in 
regard  to  this  study. 

The  first  observation  concerned  the  package/ board/lead  system  models. 
The  resulting  deflections  from  the  three  system  models  showed  that  the  lead 
design  had  a  negligible  effect  on  the  expansion  of  the  package  and  the 
board.  This  indicates  that  a  more  complex  system  model  is  unnecessary. 
Only  a  FEM  of  the  package  and  a  FEM  of  the  board  would  be  generated  and  two 
separate  analyses  on  the  model  performed.  Since  both  the  package  and  the 
board  are  rectangular  in  shape,  generation  of  these  models  would  be 
extremely  simple.  In  addition,  a  single  model  could  be  generated  to 
represent  several  different  package  and  board  sizes.  The  resulting 
deflections  along  different  locations  could  be  inputted  into  the  indivi¬ 
dual  lead  models.  An  assessment  of  the  effect  package  size  has  on  the 
estimated  life  could  be  made. 

The  second  observation  concerned  the  microwire/PTH  interface  connec¬ 
tion.  The  results  showed  that  the  board  material  away  from  the  region  of 
concern  had  negligible  stress  and  that  the  stresses  in  the  region  of 
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concern  had  little  variance  between  the  two  different  models.  This  indi¬ 
cates  that  a  much  simpler  model  representing  only  a  small  segment  in  the 
area  of  interest  would  have  been  sufficient.  This  reduction  in  complexity 
would  also  be  beneficial  in  the  modeling  of  a  wire  that  was  off  center 
since,  in  this  case,  a  one-quarter  model  could  not  be  used  and  the  entire 
geometry  would  have  to  be  modeled. 
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5.0  TRANSFER  OF  FINITE  ELEMENT  RESULTS 

When  stress  caused  by  a  static  load  is  a  concern,  the  engineer  per¬ 
forms  a  finite  element  analysis  and  compares  the  resulting  stresses  to  the 
yield  stresses  for  the  different  materials.  What  can  be  d^ue  wV  .  ~ne  load 
is  not  static,  but  varies  with  time?  The  specific  problem  dealt  with  in 
this  analysis  was  stresses  caused  by  thermal  cycling  conditions.  These 
stresses  eventually  resulted  in  fatigue  of  the  ductile  materials.  A  tech¬ 
nique  was  needed  to  transfer  the  results  of  the  FEA  to  a  value  of  merit 
which  could  be  used  to  assess  the  reliability  of  the  design. 

The  method  used  followed  a  simple  procedure.  First,  a  FEM  was  gener¬ 
ated.  Static  analyses  were  simulated  for  the  temperature  change  of  stress 
free  temperature  to  maximum  temperature  (high  temperature  cycle)  and  for 
the  temperature  change  of  stress  free  temperature  to  minimum  temperature 
(low  temperature  cycle).  The  resulting  maximum  Von-Mises  stress  value  for 
the  material  of  concern  was  obtained.  In  this  study,  the  two  materials  of 
concern  were  the  ductile  materials,  copper  and  solder.  The  strain  range 
for  this  cyclic  condition  was  calculated  by  adding  the  individual  strains 
for  the  low  temperature  and  the  high  temperature  cycles.  These  strains  had 
to  include  both  the  elastic  strain  and  the  plastic  strain.  Since  the  exact 
plastic  strain  could  not  be  determined  without  performing  a  nonlinear 
analysis,  a  range  for  this  strain  was  determined  and  it  was  assumed  that 
the  actual  plastic  strain  was  in  between  these  two  values  (see  section  3.0 
for  a  more  detailed  explanation). 
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Once  the  strain  range  value  was  obtained,  this  value  was  plotted  onto 
a  curve  representing  the  strain  range  versus  the  number  of  cycles  to 
failure  for  the  particular  temperature  range  that  was  used  (minimum  tem¬ 
perature  to  maximum  temperature).  This  curve  was  generated  from  the 
Coffin-Manson  equation  as  described  in  section  3«0.  Two  values  of  cycles 
to  failure  were  obtained  for  each  analysis.  One  presented  the  low  plastic 
strain  and  the  other  the  high  plastic  strain.  The  resulting  range  of  the 
number  of  thermal  cycles  to  failure  gave  an  indication  ox’  the  useful  life 
of  the  component.  This  procedure  will  now  be  applied  to  the  FEM  developed 
in  section  4.0. 

5.1  S-LEAD  CONNECTION 


The  high  and  low  temperature  cycle  Von-Mises  stress  contours  in  the  S- 
lead  connection  are  displayed  in  Figure  36.  The  overall  maximum  stress 
does  not  occur  in  the  solder  material,  but  in  the  lead  material.  This 
stress  value  is  well  below  the  yield  point  for  the  lead  material.  The 
solder's  maximum  linear  stress  and  plastic  stress  are: 


SIMULATION  MAXIMUM  LINEAR  STRESS 


High  Temp  Cycle  6,000  psi 

Low  Temp  Cycle  3,900  psi 


PLASTIC  STRESS 
2,800  psi 
700  psi 


The  elastic  strain  is  .0029  in/in  (3,200  psi/1 ,090,000  psi).  The 
estimated  plastic  strain  and  the  total  strain  are: 
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High  Temperature  Cycle 


METHOD 

PLASTIC 

STRAIN 

TOTAL 

STRAIN 

1 

2,800/1.09  x  106 

=  .0026  in/ in 

.0029 

+  .0026  = 

.0055 

in/in 

2 

.0026  x  2 

=  .0052  in/in 

.0029 

+  .0052  = 

.0081 

in/in 

Low  Temperature  Cycle 

METHOD 

PLASTIC 

STRAIN 

TOTAL 

STRAIN 

1 

700/1.09  x  106  = 

.0006  in/ in 

.0029 

+  .0006  = 

.0035 

in/  in 

2 

.0006  x  2 

.0012  in/in 

.0029 

+  .0012  = 

.0041 

in/in 

The  overall  total  strain  for  high  and  low  temperature  cycles  for  the 
S-lead  connection  is: 

Method  1  .0055  +  .0035  =  .0090  in/in 

Method  2  .0081  +  .0041  =  .0122  in/in 


These  overall  strain  values  were  plotted  on  the  elastic  plus  plastic 
line  of  the  Coff in-Manson  curve  for  solder  (Figure  11)  and  the  following 
number  of  cycles  to  failure  range  was  obtained:  11,500  to  60,000  cycles. 
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5.2  LEADLESS  CONNECTION 


The  leadless  solder  connection  model  consists  entirely  of  solder  ele¬ 
ments.  Figure  37  displays  the  high  and  low  temperature  cycle  Von-Mises 
stress  contours  for  this  analysis.  The  solder’s  maximum  linear  stress  and 
plastic  stress  are: 

SIMULATION  MAXIMUM  LINEAR  STRESS  PLASTIC  STRESS 

High  Temp  Cycle  23,400  psi  20,200  psi 

Low  Temp  Cycle  7,698  psi  4,498  psi 

These  values  are  both  beyond  solder's  yield  stress  of  3,200  psi.  The 
elastic  strain  is  .0029  in/in  (3,200  psi/1 , 090, 000  psi).  The  estimated 
plastic  strain  and  the  total  strain  are: 

High  Temperature  Cycle 


METHOD  PLASTIC  STRAIN  TOTAL  STRAIN 


1 

20,200/1.09  x  10  =  .0185  in/in 

.0029  +  .0185  = 

.0214 

in/in 

2 

.0185  x  2  =  .0370  in/in 

.0029  +  .0370  = 

.0399 

in/in 
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(b)  High  linperature  Cycle 


Figure  37 :  Stress  Contours  for  Leadless  FEM 


Low  Temperature  Cycle 


METHOD 

PLASTIC  STRAIN 

TOTAL 

STRAIN 

1 

4,498/1.09  x  106  =  .0041 

in/in 

.0029 

+  .0041  = 

.0070 

in/in 

2 

.0041  x  2  =  .0082 

in/in 

.0029 

+  .0082  = 

.0111 

in/in 

The  overall  total  strain  for  high  and  low  temperature  cycles  for  the 
S-lead  connection  is: 

Method  1  .0214  +  .0070  =  .0284  in/in 

Method  2  .0399  +  .0111  =  .0510  in/in 

These  overall  strain  values  were  plotted  on  the  elastic  plus  plastic 
line  of  the  Coff in-Manson  curve  for  solder  (Figure  11)  and  the  following 
number  of  cycles  to  failure  range  was  obtained:  120  to  260  cycles. 


5.3  GULL-WING  CONNECTION 

The  high  and  low  temperature  cycle  Von-Mises  stress  contours  in  the 
gull-wing  connection  are  displayed  in  Figure  38.  Once  again,  the  overall 
maximum  linear  stress  does  not  occur  in  the  solder,  but  in  the  lead 
material  and  this  stress  value  is  well  below  the  yield  point  for  this 
material.  The  solder's  maximum  stress  and  plastic  stress  are: 
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Figure  38:  Stress  Contours  for  Gull-Wing  FEM 
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SIMULATION 


MAXIMUM  LINEAR  STRESS 


PLASTIC  STRESS 


High  Temp  Cycle  2,700  psi  - 

Low  Temp  Cycle  4,250  psi  1,050  psi 

Only  the  low  temperature  cycle  value  is  beyond  solder's  yield  stress 
of  3,200  psi.  The  elastic  strain,  the  estimated  plastic  strain,  and  the 
total  strain  are: 

High  Temperature  Cycle 


The  elastic  strain  is  .0025  in/in  (2,700  psi/1 , 090,000  psi).  Since 
there  is  no  plastic  strain,  then  the  total  strain  is  .0025  in/in. 


Low  Temperature  Cycle 


The  elastic  strain  is  .0029  in/in  (3,200  psi/1 , 090, 000  psi). 


METHOD 

PLASTIC 

STRAIN 

TOTAL 

STRAIN 

1 

1,050/1.09  x  106 

=  .0010 

in/ in 

.0029 

+  .0010  = 

.0039  in/in 

2 

.0010  x  2 

=  .0020 

in/ in 

.0029 

+  .0020  = 

.0049  in/in 

The  overall  total  strain  for  high  and  low  temperature  cycles  for  the 
gull-wing  connection  is: 
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Method  1 


0025  +  .0039  =  .0064  in/in 


Method  2  .0025  +  .0049  =  .0074  in/in 

These  overall  strain  values  were  plotted  on  the  Coffin-Mains  on  curve 
for  solder  (Figure  11)  and  the  following  number  of  cycles  to  failure  range 
was  obtained:  400,000  to  2,000,000  cycles. 

5.4  MICROWIRE/PTH  CONNECTION 


Four  analyses  were  performed  on  the  two  connection  models.  Figure  39 
displays  the  Von-Mises  Stress  contours  for  the  20  mil  via  model  and  Figure 
40  displays  the  contours  for  the  10  mil  via  model.  The  majority  of  the 
board  has  very  little  stress  with  the  high  stresses  occurring  in  the  plated 
copper  and  the  copper  microwire.  The  highest  stresses  occurred  at  the 
plated  barrel  where  the  pad  contacts  the  board.  These  values  were  not  used 
in  this  analysis  because  that  area  was  not  the  area  of  reliability  concern. 
The  maximum  linear  stress  found  in  the  copper  wire/PTH  interface  is  listed 
below  for  the  four  different  analyses. 


SIMULATION 


LINEAR  STRESS 


PLASTIC  STRESS 


10  Mil  Via,  High  Temp  Cycle 
10  Mil  Via,  Low  Temp  Cycle 
20  Mil  Via,  High  Temp  Cycle 
20  Mil  Via,  Low  Temp  Cycle 


19,000  psi 
19,000  psi 
10,000  psi 
8,000  psi 


1 1 , 000  psi 
11,000  psi 
2,000  psi 
0  psi 


57 


(a)  Low  Temperature  Cycle 
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Figure  39:  Stress  Contours  for  Microwire/PTH  (20  Mil  Via)FEM 
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(b)  High  Temperature  Cycle 


Figure  AO:  Stress  Contours  for  Microwire/PTH  (10  Mil  Via)  FEM 


Since  the  elastic  limit  for  copper  is  8,000  psi  and  each  simulation 
met  or  exceeded  this  value,  the  elastic  strain  is  the  elastic  stress 
divided  by  the  modulus  of  elasticity,  which  comes  to  .0005  in/in 
(8,000psi/l6,000,000psi ).  The  estimated  plastic  stress  is  then  the  dif¬ 
ference  between  the  maximum  linear  stress  and  the  yield  stress  as  shown 
above.  The  estimated  plastic  strain  and  the  total  strain  are  calculated 
below: 


10  Mil  Via,  High  Temperature  Cycle 


METHOD 


PLASTIC  STRAIN 


TOTAL  STRAIN 


1 

2 


11,000/16  x  10  =  .0007  in/in 

2  x  .0007  =  .0014  in/in 


.0005  +  .0007  =  .0012  in/in 
.0005  +  .0014  =  .0019  in/in 


10  Mil  Via,  Low  Temperature  Cycle 


METHOD 


PLASTIC  STRAIN 


TOTAL  STRAIN 


1 

2 


11,000/16  x  10  =  .0007  in/in 

2  x  .0007  =  .0014  in/in 


.0005  +  .0007  =  .0012  in/in 
.0005  +  .0014  =  .0019  in/in 


The  overall  total  strain  for  high  and  low  temperature  cycles  for  the 
10  mil  via  iss 
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METHOD 


OVERALL  STRAIN 


1  .0012  +  .0012  =  .0024  in/in 

2  .0019  +  .0019  =  .0038  in/in 

20  Mil  Via,  High  Temperature  Cycle 


METHOD 

PLASTIC 

STRAIN 

TOTAL 

STRAIN 

1 

2,000/16  x  106 

=  .0001 

in/ in 

.0005 

+  .0001  = 

.0006 

in/in 

2 

2  x  .0001 

=  .0002 

in/ in 

.0005 

+  .0002  = 

.0007 

in/ in 

20  Mil  Via,  Low  Temperature  Cycle 


METHOD 

PLASTIC 

STRAIN 

TOTAL 

STRAIN 

1 

0  in/ in 

« 

.0005 

+  0  =  .0005 

in/ in 

2 

0  in/in 

* 

.0005 

+  0  =  .0005 

in/ in 

•Note:  The  Von-Mises  stress  value  did  not  exceed  the  elastic  limit, 
therefore,  there  was  no  plastic  strain. 

The  overall  total  strain  for  the  high  and  low  temperature  cycles  for 
the  20  rail  via  is: 
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METHOD 


OVERALL  STRAIN 


1  .0006  +  .0005  =  .0011  in/in 

2  .0007  +  .0005  =  .0012  in/in 

These  overall  strain  values  were  plotted  on  the  plastic  plus  elastic 
Coffin-Manson  curve  for  copper  (Figure  11)  and  the  following  number  of 
cycles  to  failures  ranges  were  obtained! 

10  mil  via:  110,0000  to  10,000,000 

20  mil  via:  greater  than  or  equal  to  10,000,000 


62 


6.0  CONCLUSIONS 


Several  Finite  Element  Analyses  (FEA)  were  performed  and  the  results 
used  to  estimate  the  useful  life  of  the  various  connections.  For  the 
surface  mounted  lead  connections,  the  results  indicated  that  the  leadless 
connections  would  only  survive  a  minimal  number  of  thermal  cycles  before 
problems  occurred  (less  than  260  cycles).  The  S-lead  and  gull-wing  leads, 
however,  showed  very  good  survival  rates.  It  was  estimated  that  the  S-lead 
would  survive  between  11,500  and  60,000  thermal  cycles  and  that  the  gull¬ 
wing  lead  would  survive  between  600,000  and  2,000,000  thermal  cycles.  This 
indicates  that  the  two  leaded  designs  will  have  superior  reliability  per¬ 
formance  . 

The  results  from  the  analysis  on  the  microwire  and  Plated-Through- 
Hole  (PTH)  connection  indicate  that,  under  ideal  conditions,  this  connec¬ 
tion  will  survive  a  minimum  of  110,000  thermal  cycles.  These  results  must 
be  carefully  considered.  Due  to  insufficient  information  and  time,  an 
analysis  of  nonideal  conf igurations  was  not  performed.  There  are  two  types 
of  microwire  connections  that  would  be  of  serious  reliability  concern.  The 
first  type  is  where  the  wire  does  not  pass  straight  through  the  PTH  (180 
degrees),  but  is  rotated  at  an  angle  (135  or  90  degrees).  The  second  type 
of  connection  is  where  the  microwire  is  allowed  the  maximum  variation  from 
the  ideal  condition.  An  analysis  under  these  conditions  would  predict  the 
reliability  of  the  worst  acceptable  microwire  connection. 
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In  addition  to  the  reliability  assessments,  conclusions  can  be  made 


about  the  finite  element  modeling  and  how  this  process  can  be  improved. 
Listed  below  are  four  observations  that  have  been  identified: 

1.  The  results  of  the  FEA  on  the  microwire  connection  indicate  that 
a  much  smaller,  less-refined  model  might  have  been  sufficient  to 
analyze  this  connection.  This  alternate  model  would  have  reduced  the 
model  generation  time  by  at  least  50  percent  and  would  have  provided 
the  time  needed  to  generate  a  model  of  the  nonideal  case  where  the 
wire  is  off  center. 

2.  The  resulting  stress  values  in  the  center  of  the  microwire  in  the 
microwire  connection  FEM  were  not  as  harmonious  with  one  another  as 
these  values  should  have  been.  This  indicates  that  instead  of  using 
quadralateral  elements  only  and  distorting  some  of  the  elements  to  a 
considerable  degree,  a  mixing  of  element  types  would  be  preferential. 
In  this  case,  the  quadralateral  elements  were  so  distorted  in  the 
center  of  the  microwire  that  the  elements  took  on  the  approximate 
shape  of  a  triangle.  This  would  explain  the  inconsistency  of  stress 
values.  Instead,  these  center  elements  should  have  been  triangles. 

3.  In  the  FEMs  f  the  individual  leads,  the  deflections  across  the 
width  of  the  leads  (25  mils)  were  essentially  constant.  These  results 
indicated  that  the  leads  could  have  been  modeled  in  two  dimensions 
versus  three  dimensions. 
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4.  A  comparison  of  the  FEA  results  for  the  three  different 
package/board/lead  models  showed  only  a  slight  variation  in  package 
and  board  deflections  for  the  three  models.  This  occurrence  implies 
that  the  lead  type  has  little  effect  on  the  package  and  board  deflec¬ 
tions.  Consequently,  a  single  package  FEM  and  a  single  board  FEM 
could  be  generated  and  used  for  the  analysis  of  many  different  lead 
types. 

The  work  documented  in  this  report  is  just  a  stepping  stone  in  the 
development  of  a  method  to  transfer  FEA  results  to  a  useful  estimate  of 
reliability.  There  are  several  areas  in  this  analysis,  in  both  the  finite 
element  modeling  and  the  transfer  of  results,  that  deserve  further  inves¬ 
tigation.  Two  of  these  areas  are  outlined  below: 

1.  The  validity  of  performing  a  purely  linear,  elastic  analysis  and 
using  the  results  to  estimate  the  amount  of  plastic  strain  should  be 
verified.  A  question  arises  as  to  the  ability  to  predict  the  response 
of  the  material  once  it  goes  beyond  the  linear  range.  There  is  some 
indication  that,  in  fact,  a  nonlinear,  elastic  and  plastic  analysis 
should  be  performed  instead. 

2.  If  these  connection  models  could  be  significantly  simplified,  a 
full- view  model,  rather  than  a  one-quarter  model,  could  be  generated 
without  exceeding  the  computer's  limit.  The  full-view  model  would 
then  be  used  to  perform  a  vibration  analysis. 
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